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Abstract Iron-silicide has been produced by mechanical alloying process and consolidated by hot pressing. As-consoli-
dated iron silicides were consisted of 8-FeSi; phase, and untransformed mixture of e-Fe,Si; and e-FeSi phases. Iso-
thermal annealing has been carried out to induce the transformation to a thermoelectric semiconducting #~FeSi,
phase. The condition for 8-FeSi, transformation was investigated by utilizing DTA, SEM, TEM and XRD analysis.
The phase transformation was shown to be taken place by a vacuum isothermal annealing at 830°C for 24 hours. The
mechanical and thermoelectric properties of 4 FeSi; materials before and after isothermal annealing were character-

ized in this study.
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1. Introduction

Iron silicide has a great potential for thermoelectric
energy conversion devices utilizing simple temperature
difference effectively at medium temperature range
(500~900K) without additional driving mechanisms."?
’ The high temperature phase of iron silicide is a eutec-
tic structure consisting of tetragonal @-Fe.Sis and cubic
e-FeSi, and low temperature phase is orthorhombic 5~
FeSi, which is known to be an intrinsic semiconducting
phase.'”” The S-FeSi,, which is of our interests, have
received great attention in a thermoelectric material be-
cause of its relatively low cost, the possibility of the im-
proved thermoelectric efficiency, the thermal stability
at high temperature and a chemical stability.*”” How-
ever, the conventional ingot iron-silicide is composed of
a-Fe;Sis, which is known as a-FeSi;, and cubic e-FeSi,
at even low temperature due to the slower cooling rate
and the phases can not be engaged in thermoelectric ap-
Thus,
thought to be inevitable to induce a peritectoid reaction

plication.” certain isothermal annealing is

from @ and e phases to BSphase. It is well known that ex-

trinsic thermoelectric FeSi; can be prepared by doping
Mn or Al for p-type and Co for n-type.>® However,
the conventional ingot technology could not allow inher-
ently to produce homogeneous dopant distribution in
the matrix.

In an effort to produce fine grain size, which might
provide short diffusion path to enhance phase transfor-
mation and phase homogenization, mechanical alloying
{(MA) of elemental Fe and Si powders is considered in
this study. The MA is known as a unique technique for
solid state alloying process'”, by which alloying pro-
ceeds with consecutive cold welding and fracturing,
resulting in fine grain size and phase homogenization.
Non-equilibrium phases such as supersaturated solid so-
lution, metastable intermetallic compound, amorphous
phase can be synthesized by MA. It is also reported that
MA materials having a fine grain size may improve
thermoelectric conversion efficiency by the reduction in
lattice thermal conductivity.'” In this work, MA fol-
lowed by hot pressing have been conducted in the Fe-Si
system near the composition of FeSi,. The effect of mill-
ing time, hot pressing and heat treatment condition on
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the formation of FeSi, phase was investigated in this
study. Thermoelectric and mechanical properties of 5~
FeSi, doped with Co(n-type semiconductor) prepared
from MA process were presented, discussed and con-
trasted with the results of analogous studies of the con-
ventionally processed counterparts.

2. Experimental Procedure

Appropriate elemental powder mixtures of -325
mesh Fe(99.9%), ~200 mesh Si(99.9%), and -200
mesh Co(99.9%) as an n-type dopant designed to yield
Feo 6Coo 025912 were mechanically alloyed by high energy
attrition milling for 100 hours under an Ar atmosphere.
Each charge of 100 g powder mixtures and 5 nm diame-
ter stainless steel balls were charged into a Union-type
attrition mill with a weight ratio of balls to powder of
about 20 to 1. As-milled powders were sieved to ~325
mesh to discard unalloyed or partially alloyed portions,
which usually existed in large particles.'® After degas-
sing in vacuum at 400 C for 2 hours, The powder was
hot pressed in a cylindrical high strength graphite die
with an internal diameter of 25.4 mm. The hot pressing
operation was carried out under vacuum with a stress
of 36 MPa at 1000 C for 2 hours.

In order to investigate the degree of alloy during mill-
ing, consolidation and isothermal annealing, X -ray dif-
fraction{XRD) analysis was carried out in MA pow-
ders, as-consolidated and heat treated specimen. Since
iron-silicides are generally composed of a-FeSisand €
-FeSi at even low temperature due to the slower cool-
ing rate and difficult to induce peritectoid transforma-
tion, a differential thermal analysis(DTA) was en-
gaged to determine transformation temperature with
the relatively slower heating and cooling rates. For
DTA analysis, MA powders, hot pressed specimens
were heated with 60 C/min up to 800 ‘C and then
heated with 3 C/min up to 1100 C in an Ar atmo-
sphere. The cooling cycle was done with the same rate.

SEM and TEM were employed for the observation
and identification of phases and microstructures.

Microhardness was measured and the cracks around in-
dentation were also measured to characterize general
mechanical properties of hot pressed specimen. Electri-
cal conductivity (o) and Seebeck coefficient(@} were
measured in the hot pressed specimens before and after
isothermal annealing, and the thermoelectric power fac-
tor (6) values were also evaluated and compared with
those of counterparts. Electron mobility (20 and concen-
tration(n) were also obtained by Hall coefficient (RH)
measurement.

3. Results and Discussion

Nominal composition of Feq 0Coo 0312 (R~type iron sil-
icide) powders have been produced by mechanical
alloying process in a controlled atmosphere using high
energy attrition mill for 100 hours. The MA powders
were sieved to 325 mesh to avoid the residual unalloyed
portion which usually come from larger particles.'” As
~sleved powder size was typically from 3 to 6m, and
the morphology was generally spherical as shown in
Fig. 1. Though the compositions were slightly off stoi-
chiometry, all batches were within +=1% of the de-
signed composition. A typical chemical composition of
MAed powders produced was 67.12 at.% of 8i, 32.23
at.% of Fe, and 0.65 at.% of Co.

The powders were successfully consolidated by vacu-

Fig. 1. SEM micrograph of the Fe, Con :Si. powder, mechani-
cally alloyed for 100 hours.

Table 1. Thermoelectric and electronic transport properties of the vacuum hot pressed{ VHPed) and isothermal an-

nealed Fe; sCou 051,

Parameters VHPed Annealed

Electrical conductivity, 0 (Q ~'en™Y) 1.13x 10¢ 1.01x10
Seebeck coefficient, e (xV/K) -137 -216.1

Thermoelectric power factor & (nW/enK?) 2.12x10 472 %10°
Hall coefficient, Ry (cm?/C) -1.65x1¢? ~3.72

Electron mobility, #{cm?/Vsec) 1.86 %10 3.75% 10

Electron concentration, » (cm™) 3.78 x 10" 1.68x 10
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Fig. 2. SEM micrograph of vacuum hot pressed Feq 9Cos 0:Siz
microstructure.
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Fig. 3. XRD patterns of the n-type Fey :Coo 0:51; powders fabri-
cated by mechanica! alloying; (a) Ohr, (b) 10hrs, {c) 24 hrs, (d)
36hrs, (e) 48 hrs, (f) 72hrs, (g) 100hrs.

um hot pressing (VHP). As-VHPed specimens were
nearly fully dense(4.85g/cc), free from cracks but
some voids were unavoidable as shown in Fig. 2. XRD
analysis as function of milling time is presented in Fig.
3. Though the elemental Si peaks disappeared after 72
hours of milling, the typical alloying development dur-
ing MA', which generally showed the appearance of a
superlattice line with decreasing elemental powder
peaks during MA process, was not observed in this
process. This could be due to the inherently slower rate
of phase transformation®, which led to process for at
least 500 hours of milling to induce 8-FeSi, transforma-
tion.'” The presence of Co can not be detectable in Fig.
3, due to their low volume fraction and fine dispersion
throughout the matrix.

The iron-silicide compact after vacuum hot pressing
at 1000 C and 35 MPa is shown to consist of partially
transformed B-FeSiz, and untransformed mixture of a-
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Fig. 4. XRD patterns of Feo ::C00.0:Si. powders and compacts; (a)
mechanical alloyed for 10Chrs, {(b) vacuum hot pressed under
35MPa at 1000T for 2hrs, (¢) vacuum annealed at 830°C for

24hrs.
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Fig. 5. DTA analysis of the vacuum hot pressed Feo 9Coo 02512
compacts, heated with 60 C/min up to 800 C and then heated
with 3 C/min up to 1100 C.

FesSis and e-FeSi, as shown in Fig. 4, which is different
from the counterparts processed by conventional tech-
nology.®? DTA analysis has been carried out to deter-
mine transformation temperature and to apply to subse-
quent isothermal annealing for the full 5 transforma-
tion. On heating to 1100 T, a distinct endothermic peak
is seen at 998 C as shown in Fig. 5. This temperature is
believed to indicate the peritectoid temperature (e-FesSis
+ e-FeSi— f-FeSi») ', which is so called “high tem-

i6~18)

perature transformation” temperature(9957C).
However, on cooling, the peak is no longer observed but
an exothermic peak is appeared at 858 C instead. This
is believed to indicate the “low temperature transforma-
tion” temperature (865 C), below which primary trans-
formation of “a-FeSis + &-FeSi— B-FeSi,” and sec-
ondary transformation of “Si + &-FeSi— S-FeSi;” are
taken place in iron silicides.'®"'® Thus, subsequent iso-
thermal annealing has been carried out to induce the
low temperature transformation in vacuum at 830 C
for 24 hours to provide enough time for diffusion. The

XRD analysis after the isothermal annealing resulted in
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Fig. 6. TEM micrograph of the Feo Coo ».Si; compacts, showing
fully transformed - FeSi. after isothermal annealing.

Fig. 7. SEM micrograph of the cracks formed around Hv in-
dents in the vacuum hot pressed Fe, 55Cop 0:512.

the fully transformed S3-FeSi, as shown in Fig. 4. TEM
observation indicated that the microstructure after iso-
thermal annealing is typically fine grained with a grain
size of 2 tm, as shown in Fig. 6, and EDS analysis along
with XRD analysis revealed that residual ¢ and € phas-
es were fully transformed to 3-FeSi; during annealing.
The result of microhardness measurements in as-
VHPed Feq 0Coo 251z was Hv 489 and increased to Hv
514 after isothermal annealing, indicating that mechani-
cal properties were improved presumably due to the
phase stabilization or the additional sintering effect. It
that cracks
microhardness indents, indicating intergranular frac-

was observed formed around the
ture, as shown in Fig. 7, differently from most ceramic
materials which generally showed the crack develop-
ment from corners.

Thermoelectric and electronic transport properties
were evaluated for the as-VHPed and isothermal an-
nealed Feg sCoq 051z and their results were shown in
Table 1. Electrical conductivity was decreased by an-
nealing treatment because the metallic phases € and «
were transformed to semiconducting phase 8, as shown

in Fig. 4. Seebeck coefficient was increased by anneal-
ing and this was for the same reason - 8 phase transfor-
mation. Seebeck coefficient is inversely related with
carrier concentration and electrical conductivity. Elec-
tron concentration and mobility changes, which were di-
rectly related with electrical conductivity, can be ex-
plained by following several reasons: homogenization
of Co dopants, their substitution with Fe atoms, S phase
transformation, reduction in lattice defects such as va-
cancies, antistructure defects and so forth. Thermoelec-
tric power factor, which is the measure of thermoelec-
tric material parameters as mentioned above, was also
improved by annealing.

4. Conclusion

Iron-silicide was successfully produced by mechani-
cal alloying process and consolidated by vacuum hot
pressing. As-consolidated iron silicides were shown to
consist of B-FeSi, and untransformed mixture of a-Fe,
Sis and e-FeSi phases. Subsequent isothermal annealing
in vacuum below the critical temperature for 24 hours
resulted in thermoelectric semiconducting S FeSi.
phase transformation. The mechanical properties were
improved during isothermal annealing presumably due
to the phase stabilization or the additional sintering ef-
fect. Thermoelectric properties of iron-silicide materi-
als were also remarkably improved during isothermal
annealing due to 8 phase transformation.
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